Introduction
============

Bladder cancer, the ninth most common type of cancer worldwide, is associated with a high recurrence rate ([@b1-ijmm-44-06-2189]). Considering that the tumor microenvironment (TME) plays an important role in bladder cancer growth, research on the TME has been prevalent. The richly diverse TME implies that tumor cells need adequate nutrients for growth through energy metabolism. Glutamine (Gln), one of the most abundant amino acids in the TME, is mainly involved in critical physiological processes, such as energy synthesis, biosynthesis, antioxidant defense and cell signaling regulation ([@b2-ijmm-44-06-2189],[@b3-ijmm-44-06-2189]).

In fact, Gln can serve as an alternative metabolite to drive the tricarboxylic acid (TCA) cycle for energy generation, exerting a \'replenishment effect\' ([@b4-ijmm-44-06-2189]). After being transferred into a cell via a transporter on the cell membrane, Gln participates in the TCA cycle with glutamate (Glu) via glutaminase (GLS), which produces 2-oxoglutarate (αKG) via Glu dehydrogenase (GLUD1) ([@b5-ijmm-44-06-2189]).

In addition to being metabolic fuel, Gln can help neutralize reactive oxygen species (ROS) ([@b6-ijmm-44-06-2189],[@b7-ijmm-44-06-2189]). ROS, such as superoxide anions and hydrogen peroxide, can act as intracellular second messengers and activate apoptosis ([@b8-ijmm-44-06-2189]). Glu, the product of glutaminolysis, is also directly used for the synthesis of the antioxidant, glutathione ([@b9-ijmm-44-06-2189]). A significant fraction of Gln-derived carbon can be used to produce NADPH for redox balance ([@b10-ijmm-44-06-2189]). Thus, Gln becomes an essential amino acid for Gln-dependent cancer cells, and this process is related to cancer cell viability ([@b2-ijmm-44-06-2189],[@b11-ijmm-44-06-2189],[@b12-ijmm-44-06-2189]).

However, in contrast to the above description, Cacace *et al* ([@b13-ijmm-44-06-2189]) proposed that Gln activates signal transducer and activator of transcription 3 (STAT3) to control cancer cell proliferation, independently of its activity as a metabolic fuel or ROS scavenger. The overactivation of STAT3, a protein present in the cytoplasm that is coupled with the tyrosine phosphorylation signaling pathway, results in aberrant cell proliferation and apoptosis, and promotes tumor formation and development ([@b14-ijmm-44-06-2189],[@b15-ijmm-44-06-2189]). It is well known that STAT3 is activated through phosphorylation on Y705 or S727, after which it binds to extracellular signaling proteins. The activated proteins can be translocated to the nucleus, where they bind to the promoters of genes involved in cell survival, cell cycling, invasion, migration and angiogenesis ([@b16-ijmm-44-06-2189]).

Therefore, we sought to determine whether the characteristics of Gln metabolism in the bladder cancer cell line, T24, are consistent with the mechanisms proposed by Cacace *et al* ([@b13-ijmm-44-06-2189]). Existing research on the mechanisms through which Gln promotes the proliferation of bladder cancer cells remains inadequate.

Materials and methods
=====================

Cells and reagents
------------------

The bladder cancer cell line, T24, purchased from the Cell Bank of the Chinese Academy of Sciences, was routinely cultured in RPMI-1640 medium (BI) containing 2 g/l glucose and 300 mg/l Gln. The assay medium was modified Eagle\'s medium (BI) without glucose or Gln reconstituted with 2 g/l of glucose. Both media were supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin. The cells were grown at 37°C in a humidified 5% CO~2~ atmosphere. L-Gln (Sigma-Aldrich), D-(+)-glucose (Sigma-Aldrich), 0-100 *µ*M 6-diazo-5-oxo-L-norleucine (Don) (Sigma-Aldrich), 0-10 mM N-acetylcysteine (NAC) (MCE), 2 mM L-glutamic acid dimethyl ester hydrochloride (Glu) (Sigma-Aldrich) and 2 mM dimethyl αKG (Sigma-Aldrich) were used during the experiment. The reagents were dissolved either in ultrapure water or directly in modified Eagle\'s medium (BI) according to the manufacturer\'s indications. All drugs and reagents were administered to adherent cells in fresh assay medium.

Cell proliferation assay
------------------------

Cell proliferation was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, the T24 cells were plated into 96-well plates at a density of 5x10^3^ cells/well. Following 24 h of incubation at 37°C, the medium was replaced with 200 *µ*l of specific medium for 24, 48 or 72 h. A total of 10 *µ*l of MTT was added to the wells, and the cells were incubated for a further 4 h at 37°C. Finally, 100 *µ*l of dimethyl sulfoxide (DMSO) were added to each well, and the wells were gently mixed for 1 min. Finally, the cell numbers were measured spectrophoto-metrically by an absorbance microplate reader (Thermo Fisher Scientific) at 490 nm.

Cell cycle assays
-----------------

The T24 cells were seeded in 6-well plates, grown for 24 h, and then incubated in Gln(+) or Gln(-) medium. After 24 or 48 h, a cell cycle assay was conducted as previously described ([@b17-ijmm-44-06-2189]). Following the instructions of the kit, the cells were fixed with 75% cold ethanol overnight and then washed with phosphate-buffered saline (PBS). Subsequently, propidium iodide (50 *µ*g/ml) containing RNase was added to the cells for DNA staining before flow cytometric analysis.

Measurement of intracellular adenosine triphosphate (ATP) levels
----------------------------------------------------------------

The T24 cells were cultured in a 6-well plate at a density of 2x10^5^ cells/well for 24 h and then cultured under various Gln conditions for 48 h. The supernatant was added to a 96-well plate with a black border according to the protocol provided by the manufacturer for a commercial ATP assay kit (Beyotime Institute of Biotechnology) and as previously described by Castaneda *et al* ([@b18-ijmm-44-06-2189]). The assay buffer was gently mixed with the substrate at room temperature, and the mixed reagent (100 *µ*l) was added to each well. The plate was then incubated with shaking for 15 min at room temperature. Following incubation, luminescence was measured using a microplate reader (Beckman Coulter).

Measurement of intracellular ROS levels
---------------------------------------

ROS levels were determined using 2\',7\'-dichlorodihydrofluorescein diacetate (H~2~DCF-DA) with a Reactive Oxygen Species Assay kit (Beyotime Institute of Biotechnology). The T24 cells were pre-seeded into 6-well plates at 2x10^5^/well and then cultured with Gln(+) or Gln(-) medium for 48 h. The cells were then treated with 10 mM H~2~DCF-DA dissolved in PBS (1 ml) at 37°C for 20 min. The assay was conducted as previously described ([@b19-ijmm-44-06-2189]). The fluorescence intensity was monitored at an excitation wavelength of 488 nm and an emission wavelength of 530 nm. In addition, Applied 1.0-2.0 ml of 5 *µ*M MitoSOX™ reagent working solution was added to cover the cells adhering to the coverslip. The cells were incubated for 10 min at 37°C, protected from light. The cells were then washed gently 3 times with warm buffer as described in the MitoSOX™ Red mitochondrial superoxide indicator \*for live-cell imaging\* (Molecular Probes). Finally, we observed the intracellular red fluorescence under a confocal fluorescence microscope (BD Biosciences). ROSUP was added to the positive control well as a positive control, which can significantly increase the level of ROS following stimulation of the cells for 20-30 min.

Apoptosis assay
---------------

The T24 cells were pre-seeded in a 6-well plate at a density of 3x10^5^ cells/well with RPMI-1640 medium for 24 h and were then cultured with Gln(+), Gln(-), Gln(-)+αKG, or Gln(-)+Glu medium for 48 h. Cell morphology was assessed as previously described ([@b20-ijmm-44-06-2189]) with an Apoptosis and Necrosis Assay kit (Beyotime Institute of Biotechnology). Briefly, cells in all groups were washed 3 times with cold PBS, and the cells in the supernatant and those that adhered to the plate were then collected. Following incubation with Annexin V-FITC for 15 min in the dark at 37°C, the cells were washed 3 more times with cold PBS. The results were analyzed by flow cytometry (BD Biosciences).

Western blot analysis
---------------------

The cells were lysed in cell lysis buffer (Beyotime Institute of Biotechnology) containing 1 mM phenylmethylsulfonyl fluoride. Following determination with the BCA method, the protein samples (30 *µ*g protein/lane) were then subjected to SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was blocked with 5% bovine serum albumin and subsequently incubated overnight at 4°C with the appropriate primary antibodies. The membrane was then incubated with horseradish peroxidase-conjugated goat anti-rabbit (111-035-045)/mouse (111-035-062) IgG (1:10,000, Jackson ImmunoResearch Laboratories, Inc.) at 4°C for 2 h. To verify equal loading of the samples, the same membrane was incubated with a monoclonal β-actin antibody followed by horseradish peroxidase-conjugated goat anti-rabbit IgG. The protein bands were visualized with a FluorChem Q instrument (ProteinSimple, type: AlphaImager). The data were analyzed using ImageJ software (NIH). Primary antibodies against total-STAT3 (9139T), p-Y705-STAT3 (4113S), c-Myc (13987S), Bcl2 (15071S) and β-actin (3700S) were purchased from Cell Signaling Technology, while primary antibodies against proliferating cell nuclear antigen (PCNA, ab18197), Gls (ab156876) and Glud1 (ab168352), were purchased from Abcam.

Statistical analysis
--------------------

Each experiment was performed at least 3 times. All values are presented as the means ± SD in Prism 7 statistical software. Differences between 3 or more groups were determined by one-way analysis of variance (ANOVA) followed by a post hoc test with Sidak\'s multiple comparisons test in Prism 7. In addition, t-tests was performed for comparisons between 2 groups. Differences were considered statistically significant at P\<0.05.

Results
=======

Effects of Gln on T24 bladder cancer cell proliferation
-------------------------------------------------------

The results of MTT assay revealed that the proliferation rate of the T24 cells was indeed positively associated with the Gln concentration. No apparent differences were observed in the bladder cancer cell proliferation rate among the groups cultured with the different Gln concentrations (0, 37.5, 75, 150 and 300 mg/l) after 24 h. However, the proliferation rates of the T24 cells decreased with the decreasing Gln concentrations at 48 and 72 h (P\<0.05). The proliferation rate of the Gln deprivation group was lower than that of the other Gln concentration groups ([Fig. 1A](#f1-ijmm-44-06-2189){ref-type="fig"}). As the differences in the proliferation rate were most evident at 72 h ([Fig. 1B](#f1-ijmm-44-06-2189){ref-type="fig"}), we selected 72 h as the time point for use in further experiments.

Furthermore, compared with that in the Gln(+) group (300 mg/l), the proportion of cells in the S phase of the cell cycle in the Gln(-) group (0 mg/l) was approximately 11% higher on average, while the proportion of cells in the G2 phase was almost 11% lower; cell cycle analysis thus revealed that Gln deprivation caused T24 growth arrest in the S phase ([Fig. 1C and D](#f1-ijmm-44-06-2189){ref-type="fig"}).

Effect of the inhibition of Gln uptake on the proliferation of T24 bladder cancer cells
---------------------------------------------------------------------------------------

To further identify the critical role of Gln in T24 cell proliferation, we used a Gln analog, Don, to inhibit T24 Gln utilization, as Don competes for Gln uptake. The effects of various Don concentrations (0, 12.5, 25, 50 and 100 *µ*M) on T24 proliferation were evaluated. The results revealed that the proliferation rates of the T24 cells gradually decreased with the increasing concentrations of Don. Additionally, Don most effectively inhibited T24 cell proliferation in the presence of extracellular Gln at the 25 *µ*M concentration ([Fig. 2A](#f2-ijmm-44-06-2189){ref-type="fig"}), contributing to our selection of 25 *µ*M as the optimal concentration of Don at 72 h ([Fig. 2B](#f2-ijmm-44-06-2189){ref-type="fig"}). In fact, compared with the Gln(+) group, the different Gln(+)-Don groups exhibited significantly decreased proliferation rates similar to those in the Gln(-) group ([Fig. 2C](#f2-ijmm-44-06-2189){ref-type="fig"}). In addition, the levels of proteins associated with both Gln metabolism (GLS and GLUD1) and proliferation (PCNA) were significantly decreased in the Gln(-) group and the Gln(+)+Don groups compared with the Gln(+) group ([Fig. 2D](#f2-ijmm-44-06-2189){ref-type="fig"}).

Glutaminolysis-dependent ATP production in T24 cells
----------------------------------------------------

As shown in [Fig. 3A](#f3-ijmm-44-06-2189){ref-type="fig"}, Gln serves as a crucial carbon source for cellular bioenergetic and biosynthetic needs. Cell proliferation is associated with a high influx of Gln-derived carbon into the TCA cycle ([@b4-ijmm-44-06-2189]). In this study, we found that the ATP levels in the T24 bladder cancer cells decreased gradually with the reduction in Gln ([Fig. 3B](#f3-ijmm-44-06-2189){ref-type="fig"}). We divided the cells into 4 groups and treated two of these with the cell-permeable precursors, dimethyl-Glu and dimethyl αKG, creating the Gln(+), Gln(-), Gln(-)+αKG, and Gln(-)+Glu groups. When used at a 2 mM concentration ([@b13-ijmm-44-06-2189]), both Glu and αKG were capable of restoring the proliferation of the Gln-deprived T24 cells ([Fig. 3C](#f3-ijmm-44-06-2189){ref-type="fig"}). No obvious differences were observed among the groups after 24 h; however, the restoring effects of Glu and αKG on cell proliferation were evident at 48 and 72 h ([Fig. 3D](#f3-ijmm-44-06-2189){ref-type="fig"}). In addition, both Glu and αKG were able to restore ATP production in the Gln-deprived cells ([Fig. 3E](#f3-ijmm-44-06-2189){ref-type="fig"}). In summary, these data indicate that Gln can promote T24 cell proliferation through ATP supplementation via glutaminolysis.

Effect of Gln on ROS production in T24 cells
--------------------------------------------

The levels of ROS in the Gln(-) group were markedly higher than those in the Gln(+) group ([Fig. 4A and B](#f4-ijmm-44-06-2189){ref-type="fig"}). NAC, a classic ROS inhibitor, was used to create Gln(-)+NAC groups in addition to the Gln(+) and Gln(-) groups. NAC restored the proliferation rate of the Gln-deprived T24 cells. As the concentration of NAC increased, the proliferation rate of the T24 cells also gradually increased in the Gln(-)+NAC groups compared with the Gln(-) group. At the 10 mM optimal concentration, the proliferation rate of the Gln(-)+NAC group was equivalent to that of the Gln(+) group ([Fig. 4C](#f4-ijmm-44-06-2189){ref-type="fig"}). We compared the viability of the cells in the Gln(+), Gln(-), and Gln(-)+NAC groups at 24, 48 and 72 h by MTT assays. The results revealed that the proliferation rate was lower in the Gln(-) group than in the other 2 groups, and at 24 and 48 h, the proliferation rate was much greater in the Gln(-)+NAC group than that in the other groups. However, at 72 h, there was no obvious difference between the Gln(+) group and the Gln(-)+NAC group ([Fig. 4D](#f4-ijmm-44-06-2189){ref-type="fig"}). In addition, the analysis of the fluorescence intensities in the different treatment groups by intracellular ROS fluorescence staining confirmed that Gln deprivation increased ROS concentrations in the T24 bladder cancer cells ([Fig. 4E](#f4-ijmm-44-06-2189){ref-type="fig"}).

Gln promotes cell viability via its effects on glutaminolysis and ROS production
--------------------------------------------------------------------------------

The analysis of the apoptotic effects of different conditions, including Gln(+), Gln(-), Gln(-)+αKG, Gln(-)+Glu, and Gln(-)+NAC, revealed that the Gln(-) group exhibited the highest apoptotic rate among the 5 groups. The groups exposed to the glutaminolysis intermediates, αKG and Glu, exhibited lower apoptotic rates than those in the Gln(-) group. In addition, the ROS scavenger, NAC, restored cell viability in the absence of Gln ([Fig. 5](#f5-ijmm-44-06-2189){ref-type="fig"}). Thus, increasing glutaminolysis intermediate levels and reducing intracellular ROS levels decreased the apoptotic rates of the T24 cells under Gln deprivation.

Effect of Gln on STAT3 expression in T24 cells
----------------------------------------------

To verify the association between Gln and STAT3, the groups of cells were treatd with 0, 150 or 300 mg/l Gln and we then examined STAT3 expression at the protein level ([Fig. 6A and B](#f6-ijmm-44-06-2189){ref-type="fig"}). The results of western blot analysis revealed that the expression of c-Myc, Bcl2, PCNA and STAT3 (including total-STAT3, and p-Y705-STAT3/total-STAT3) decreased gradually with the decreasing Gln concentrations at 48 h. This findings clearly suggests that Gln promotes the proliferation and decreases the apoptosis of T24 bladder cancer cells by promoting STAT3 expression.

Glutaminolysis and ROS levels modulate STAT3 activation
-------------------------------------------------------

We then sought to determine whether glutaminolysis and ROS levels regulate STAT3 expression. The expression levels of c-Myc, Bcl2, PCNA and STAT3 (including total-STAT3 and p-Y705-STAT3) in the Gln(+), Gln(-), Gln(-)+αKG, Gln(-)+Glu, and Gln(-)+NAC groups ([Fig. 6C](#f6-ijmm-44-06-2189){ref-type="fig"} and [6E](#f6-ijmm-44-06-2189){ref-type="fig"}) were analyzed. The results of western blot analysis revealed that proteins associated with proliferation (c-Myc, Bcl2 and PCNA) were expressed at higher levels in the Gln(-)+αKG, Gln(-)+Glu, and Gln(-)+NAC groups than in the Gln(-) group. The expression of total-STAT3 and p-Y705-STAT3/total-STAT3 was efficiently restored in the Gln(-)+αKG and Gln(-)+Glu groups compared with the Gln(-) group ([Fig. 6D](#f6-ijmm-44-06-2189){ref-type="fig"}). In addition, the expression of total-STAT3 and p-Y705-STAT3/total-STAT3 was higher in the Gln(-)+NAC group than in the Gln(-) group ([Fig. 6F](#f6-ijmm-44-06-2189){ref-type="fig"}).

Discussion
==========

Bladder cancer ranks 13th in terms of mortality, although mortality rates are increasing in most countries ([@b1-ijmm-44-06-2189],[@b21-ijmm-44-06-2189]). The majority of cases are transitional cell carcinoma (TCC), a neoplasm originating from transitional urothelial cells. The T24 cell line was derived from malignant bladder cancer undergoing progression to the muscle layer of the bladder wall, in contrast to cell lines derived from non-muscle-invasive bladder cancer, an early-stage type of bladder cancer ([@b22-ijmm-44-06-2189]). Gln metabolism contributes to T24 cancer cell proliferation. Indeed, Lea *et al* ([@b23-ijmm-44-06-2189]) found that Gln deprivation affected the proliferation rates of several bladder cancer cell lines, including the T24 and UM-UC-3 lines.

In this study, the T24 cell proliferation rates were positively associated with the Gln concentrations. Compared with that in the Gln(+) group, the proportion of cells in the S phase was much higher in the Gln(-) group. In response to Gln deprivation, K-Ras-driven cancer cells can arrest in either the S or G2/M phase due to insufficient nucleotide biosynthesis ([@b24-ijmm-44-06-2189]-[@b26-ijmm-44-06-2189]). Aspartate, which is essential for nucleotide biosynthesis, is produced in a transamination reaction catalyzed by GOT2. Therefore, in the absence of Gln, a lack of aspartate for the GOT2 catalytic reaction leads to replication stress due to insufficient nucleotides, which may be the cause of the S phase arrest observed in this study. Consistent with this hypothesis, S phase arrest can be overcome by providing cells with α-ketoglutarate and aspartic acid ([@b24-ijmm-44-06-2189]). To confirm the direct association between Gln and bladder cancer, T24 cell proliferation was further examined by using the Gln analog, Don. Compared to Gln alone \[in the Gln(+) group\], Don markedly inhibited the proliferation of the T24 cells and significantly decreased the protein expression of the key enzymes, GLS and GLUD1, which participate in Gln metabolism.

Cancer cells undergo metabolic transformation to meet their increased anabolic demand for glycolytic and TCA cycle intermediates to synthesize important biomolecules required for cell growth. The key to this metabolic transformation is the mitochondrial excretion of citric acid, which is used in the TCA cycle to produce the cytosolic acetyl-CoA necessary for lipid biosynthesis. Upon the loss of mitochondrial citrate, cancer cells become dependent on the \'conditionally essential\' amino acid Gln, which serves as a supplemental carbon source for the TCA cycle.

We further explored the mechanism through which Gln affects T24 proliferation from the perspectives of ATP production, ROS neutralization and direct stimulation of the production of STAT3 as a signaling factor. The supplementation of Gln-deprived T24 cells with Gln catabolism intermediates (Glu and αKG) restored both the ATP levels and proliferation rates to a certain extent, which illustrated that Gln also affects the proliferation of T24 bladder cancer cells through the catabolic pathway. Gln-derived carbon enters the TCA cycle following the conversion of Glu to αKG. Gln-derived carbon also contributes to ATP production through its oxidation in the TCA cycle ([@b27-ijmm-44-06-2189]). Accordingly, cell-permeable forms of Glu and αKG, which have previously been reported to effectively supply Glu and αKG intracellularly, can be substituted for Gln to support cancer cell metabolism and ATP production ([@b10-ijmm-44-06-2189],[@b27-ijmm-44-06-2189]).

In addition, Gln is a regulator of intracellular redox balance associated with glutathione synthesis and metabolic NADPH production. These functions of Gln require its metabolic processing and account for its effects on the viability of T24 cells. The results of this study revealed that Gln starvation induced cell death by augmenting the ROS levels in T24 bladder cancer cells. We investigated the possibility that Gln promotes the survival of T24 cells by mitigating the toxic effects of increased ROS production. Notably, the addition of a ROS scavenger to the culture medium evidently increased the proliferation of the Gln-deprived T24 cells, suggesting that Gln is required for the alleviation of the effects of enhanced ROS production. Therefore, Gln controls the proliferation of T24 cells, which are Gln-dependent bladder cancer cells, in a manner dependent on its metabolic use. These findings are inconsistent with the hypothesis described in the study by Cacace *et al* ([@b13-ijmm-44-06-2189]), namely that Gln controls cancer cell proliferation independently of ROS production modulation.

Subsequently, we wished to determine whether Gln affects T24 proliferation by modulating STAT3 activation. Yang *et al* ([@b28-ijmm-44-06-2189]) proposed that Gln regulates the activation of STAT3, a signaling pathway mediator that regulates cancer hallmarks in invasive OVCA cells. The inhibition of Gln utilization in these cancer cells through GLS inactivation significantly reduced phosphorylated STAT3 expression ([@b29-ijmm-44-06-2189]). However, whether this phenomenon is applicable to bladder cancer has remained unknown. Activated STAT3 has been detected in bladder cancer ([@b30-ijmm-44-06-2189]), and the inhibition of STAT3 activity with antisense oligonucleotides, decoy oligonucleotides and siRNA has been shown to result in the apoptosis and reduced growth of tumor cells ([@b31-ijmm-44-06-2189]). Notably, STAT3 expression is closely related to T24 bladder cancer cell proliferation. As mentioned previously, STAT3 pathway activation and inactivation clearly affect T24 cell proliferation. For example, it has been identified that the inhibition of STAT3 efficiently decreases T24 cell proliferation ([@b32-ijmm-44-06-2189],[@b33-ijmm-44-06-2189]). The rapid activation of STAT3 has also been found to modulate the proliferation of the T24 cells ([@b34-ijmm-44-06-2189]). In this study, we did not aim to repeat such experiments. Instead, we explored the association between Gln and the STAT3 pathway. We found that STAT3 was an essential mediator of Gln-dependent T24 cancer cell proliferation and that Gln promoted total-STAT3 and p-Y705-STAT3/total-STAT3 expression. To ascertain whether Gln affects STAT3 expression to modulate cancer cell proliferation and apoptosis, we also detected c-Myc and Bcl2, which have previously been reported to be influenced by Gln and STAT3. The oncogene c-Myc coordinates the expression of genes necessary for cells to engage in Gln catabolism that exceeds the cellular requirements for protein and nucleotide biosynthesis ([@b35-ijmm-44-06-2189]). STAT3 mostly mediates the rapid activation of the c-Myc gene ([@b36-ijmm-44-06-2189]). Information on the metabolic regulation of Bcl2 proteins may provide insight into alternative routes of apoptosis activation. For example, cells surviving Gln withdrawal exhibit a particularly enhanced expression of BIM and the binding of BIM to Bcl2 ([@b37-ijmm-44-06-2189]). Huang *et al* ([@b38-ijmm-44-06-2189]) found that Roxyl-zhc-84 reduced JAK1 and STAT3 phosphorylation and markedly downregulated the expression of the anti-apoptotic protein, Bcl2, which is known as a STAT3 target gene.

STAT3 is constitutively phosphorylated on tyrosine in various tumor types ([@b39-ijmm-44-06-2189]), and this phosphorylation is associated with a reduced ROS production, delayed senescence and protection from apoptosis. Both nuclear p-Y705-STAT3 and mitochondrial p-S727-STAT3 can promote cell survival and reduce ROS production ([@b40-ijmm-44-06-2189]). Previous studies have demonstrated that the inactivation of STAT3 promotes apoptosis by decreasing Bcl2 expression ([@b41-ijmm-44-06-2189],[@b42-ijmm-44-06-2189]) and that it is feasible to induce cancer cell apop-tosis by regulating ROS-modulated STAT3 expression ([@b43-ijmm-44-06-2189],[@b44-ijmm-44-06-2189]). In addition, Cetinbas *et al* ([@b45-ijmm-44-06-2189]) hypothesized that increases in ROS production compensate for the increases in Gln ingestion and utilization. As described above, Gln can promote T24 cell proliferation through glutaminolysis, regulating ROS production and promoting STAT3 expression. It was previously unclear whether Gln affects bladder cancer cell T24 proliferation by activating STAT3 through ROS and glutaminolysis. The results of this study revealed that Gln can act intracellularly to activate STAT3 through glutaminolysis and mediate the proliferative effects of STAT3, indicating that Gln affects STAT3 expression via its catabolism. Under Gln deprivation, the replenishment of Gln catabolism intermediates (αKG and Glu) significantly restored the STAT3 expression levels. Similarly, the elimination of intracellular ROS with NAC initially reduced the use of Gln for ROS scavenging, causing Gln to accumulate in cells; this effect was directly reflected by the total STAT3 expression. These findings identify the critical role of ROS in regulating STAT3 expression. These experiments reveal that STAT3 is modulated by glutaminolysis and ROS levels. In other words, Gln can induce T24 bladder cancer cell proliferation mainly through STAT3 by affecting ATP and ROS generation.

Above all, this study highlights the essential role of Gln in the proliferation of Gln-dependent T24 bladder cancer cells. In addition, our findings regarding the cause-effect relationship between Gln metabolism and proliferation in the T24 bladder cancer cell line show the importance of Gln-dependent cancer therapy in clinical practice. The observation that KRas-driven Gln-dependent cancer cells arrest in the S phase due to a lack of aspartic acid ([@b46-ijmm-44-06-2189]) provides a compelling treatment opportunity for KRas-driven late metastatic bladder cancer. In fact, Ras oncogene mutations cooperate with β-catenin activation to drive bladder tumourigenesis ([@b47-ijmm-44-06-2189]). It has also been reported that the inhibition of STAT3 partially reverses gemcitabine-induced migration, chemoresistance, and tumor relapse ([@b48-ijmm-44-06-2189]).

Radical cystectomy, regarded for decades as the standard treatment for muscle-invasive bladder cancer, is associated with significant morbidity and high complication rates after surgery. Interest in alternative treatment options that protect the bladder has increased ([@b49-ijmm-44-06-2189]-[@b51-ijmm-44-06-2189]). Three methods have been widely recognized as bladder-protecting therapies: Transurethral resection of bladder tumors (TURBT), chemotherapy and radiation therapy ([@b51-ijmm-44-06-2189]-[@b53-ijmm-44-06-2189]). However, radiation therapy is often associated with recurrence and distant metastasis, as several tumors are radioresistant; thus, its implementation can result in complications ([@b54-ijmm-44-06-2189],[@b55-ijmm-44-06-2189]). Furthermore, the search for strategies with which to prevent the recurrence of bladder cancer after using chemotherapeutics, such as gemcitabine, a frequently used drug in the treatment of bladder cancer, is a vital part of clinical chemotherapy. The identification of prognostic and predictive biomarkers may provide other strategies through which patients can avoid radical cystectomy ([@b56-ijmm-44-06-2189],[@b57-ijmm-44-06-2189]).

Understanding the role of Gln in STAT3 activation may aid in the prevention and treatment of Gln-dependent bladder cancer in clinical practice from the perspective of metabolism. Thus far, several GLS inhibitors have been developed in the search for selective inhibitors of Gln catabolism; these agents, including 968, BPTES and CB-389, have exhibited tumor-suppressive activities in preclinical models ([@b58-ijmm-44-06-2189]-[@b61-ijmm-44-06-2189]). In addition, radiolabeled Gln can be used to locate tumors, and currently popular carrier materials can be used with Gln analogs to block Gln metabolism in tumor cells at the gene level for tumor starvation.

In conclusion, the findings of this study indicated that Gln affects the proliferation of T24 bladder cancer cells mainly by modifying STAT3 expression. This effect is dependent on the metabolic use of Gln and on the participation of Gln in the regulation of ROS levels. Gln deprivation results in K-Ras-driven bladder cancer cell arrest in S phase. Notably, S phase-arrested cells are vulnerable to the cytotoxic drugs capecitabine, paclitaxel and rapamycin ([@b24-ijmm-44-06-2189],[@b26-ijmm-44-06-2189]). Thus, Gln deprivation mediates the \'synthetic lethality\' of KRas-driven cancer cells upon capecitabine, paclitaxel and rapamycin treatment. The findings of this study further establish the potential for exploiting metabolic changes in cancer cells that confer novel opportunities for therapeutic intervention.
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![Gln affects T24 bladder cancer cell proliferation. (A) The proliferation rate was positively affected by exposure to increasing Gln concentrations from 0 mg/l \[Gln(-)\] to 300 mg/l \[Gln(+)\] for 24, 48 and 72 h (n=6). (B) Analysis of the effects of varying Gln concentration gradients on cell proliferation at 24, 48 and 72 h. Two-way ANOVA with a test for homogeneity of variance was used to compare the cell lines. (C) Analysis of the proportions of T24 tumor cells in different phases of the cell cycle under Gln (+) or Gln(-) conditions for 48 h by flow cytometric analysis. (D) Statistical analysis of the results in (C) the results were obtained from 3 independent repeated experiments. t-tests were used to compare the Gln(+) and Gln(-) groups. ^\*^P\<0.05, ^\*\*^P\<0.01, ^\*\*\*^P\<0.001, ^\*\*\*\*^P\<0.0001; ns, no significance. In all tests, 300 mg/l was used Gln(+) as the control condition. Gln, glutamine.](IJMM-44-06-2189-g00){#f1-ijmm-44-06-2189}

![Gln analogs affect T24 bladder cancer cell proliferation similarly to Gln starvation. (A) Analysis of the effects of a range of Don concentrations on T24 proliferation rates. (B) Gln deprivation affected the proliferation rates of T24 bladder cancer cells incubated with the optimum Don concentration (25 *µ*M) for 24, 48 and 72 h. (C) The growth status of T24 bladder cancer under Gln(+), Gln(-), and Gln(+)+Don conditions. Scale bars, 100 *µ*m. (D) Western blot analysis of proteins associated with Gln metabolism (Gls and Glud1) and proliferation (PCNA) using Gln(+) as the control. One-way ANOVA with a test for homogeneity of variance was used to compare the cell lines. ^\*^P\<0.05, ^\*\*^P\<0.01, ^\*\*\*^P\<0.001, ^\*\*\*\*^P\<0.0001. Gln, glutamine; Don, 6-diazo-5-oxo-L-norleucine; Gls, glutaminase; Glud1, Glu dehydrogenase.](IJMM-44-06-2189-g01){#f2-ijmm-44-06-2189}

![Gln glutaminolysis dependently promotes ATP production. (A) Gln contributes to the TCA cycle metabolite pool. Enzymes involved in the metabolism of Gln, Gls and Glud1. (B) Gln modified ATP content in T24 cells. (C and D) Supplementation with Gln catabolism intermediates partially restored cellular proliferation at 24, 48 and 72 h; Gln(-) was used as the control condition. (E) Supplementation with Gln catabolism intermediates significantly restored cellular ATP levels. One-way ANOVA with a test for homogeneity of variance was used to compare the cell lines. ^\*^P\<0.05, ^\*\*^P\<0.01, ^\*\*\*^P\<0.001, ^\*\*\*\*^P\<0.0001; ns, no significance. Gln, glutamine; Gls, glutaminase; Glud1, Glu dehydrogenase; SLC1A5, recombinant solute carrier family 1, member 5.](IJMM-44-06-2189-g02){#f3-ijmm-44-06-2189}

![Gln promotes T24 cell proliferation by influencing ROS production. (A) Gln deprivation increased ROS concentrations in T24 cells. (B) Independent-sample t-tests were used to compare the Gln(+) and Gln(-) groups. (C) Analysis of the proliferation of T24 cells cultured for 72 h with a range of concentrations of NAC; Gln(-) was used as the control condition. (D) Effects of ROS on the proliferation rates of T24 bladder cancer cells treated with the optimum NAC concentration of 10 mM for 24, 48 and 72 h. (E) The fluorescence intensity in the different treatment groups (the Gln(+), Gln(-), Gln(+)+ROSUP, and Gln(-)+NAC groups), was analyzed by intracellular ROS fluorescence staining. ns indicates no significance; ^\*^P\<0.05. Scale bars, 100 *µ*m. Gln, glutamine; NAC, N-acetylcysteine.](IJMM-44-06-2189-g03){#f4-ijmm-44-06-2189}

![Gln metabolism affects T24 cell apoptosis. (A) The apoptotic effects of different conditions, including Gln(-), Gln(+), Gln(-)+αKG, Gln(-)+Glu, and Gln(-)+NAC, were assessed with flow cytometry at 48 h. (B) Semi-quantitative analysis of the apoptotic rates in independent experiments repeated 3 times; Gln(-) was used as the control condition. One-way ANOVA with a test for homogeneity of variance was used to compare the cell lines. ^\*\*^P\<0.01, ^\*\*\*^P\<0.001. Gln, glutamine; Glu, L-glutamic acid dimethyl ester hydrochloride.](IJMM-44-06-2189-g04){#f5-ijmm-44-06-2189}

###### 

Gln affects STAT3 by affecting ROS and glutaminolysis. (A) Western blot analysis of proteins related to proliferation (STAT3 and c-Myc) and apoptosis (Bcl2) at 48 h. (B) Quantitative analysis of the results in (A) from independent experiments repeated 3 times. (C) Western blot analysis of the effects of the glutaminolysis intermediates αKG and Glu on the expression of proteins in the STAT3 pathway. (D) Quantitative analysis of the results in (C) from independent experiments repeated 3 times. (E) Western blot analysis of the effects of altering ROS concentrations in the TME with the ROS scavenger NAC on the expression of proteins in the STAT3 pathway. (F) Quantitative analysis of the results in (E) from independent experiments repeated 3 times. Gln(-) was used as the control condition. One-way ANOVA with a test for homogeneity of variance was used to compare the groups. ^\*^P\<0.05, ^\*\*^P\<0.01, ^\*\*\*^P\<0.001, ^\*\*\*\*^P\<0.0001. Gln, gluta-mine; Glu, L-glutamic acid dimethyl ester hydrochloride; STAT3, signal transducer and activator of transcription 3; ROS, reactive oxygen species.
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